Introduction {#section5-2515135519874677}
============

Hepatitis C virus (HCV) infection is a major cause of liver disease and because approximately 2 million people are newly infected annually,^[@bibr1-2515135519874677]^ it represents a significant global health problem. Upon infection, HCV can persist in the majority of immune-competent hosts, leading to a state of chronic hepatic inflammation. Ultimately this chronic inflammation can progress to severe liver diseases, including hepatic cirrhosis and hepatocellular carcinoma.^[@bibr1-2515135519874677][@bibr2-2515135519874677]--[@bibr3-2515135519874677]^ Recently, the standard-of-care treatment options for HCV improved with the approval of novel HCV-specific direct-acting antiviral drugs (DAAs), offering interferon-free regimens with very high curative rates.^[@bibr4-2515135519874677]^ However, despite their therapeutic potency, DAAs are associated with a number of side effects including drug--drug interactions, development of resistance-associated variants,^[@bibr4-2515135519874677],[@bibr5-2515135519874677]^ and importantly they do not induce protective immunity in patients.^[@bibr6-2515135519874677][@bibr7-2515135519874677]--[@bibr8-2515135519874677]^ Therefore, it remains a compelling argument for the development of not only prophylactic but also therapeutic candidate vaccines against HCV in order to lower the chronicity rate and the disease burden.

A strong, broad, and persistent antigen-specific T cell response plays a pivotal role during acute and chronic HCV infection and is required for spontaneous viral clearance.^[@bibr9-2515135519874677]^ Preclinical studies in mice and chimpanzees have used different vaccination strategies against HCV, based on, for example, HCV peptides, recombinant yeast or viral vectors, autologous dendritic cells loaded with lipopeptides, or plasmid DNA.^[@bibr10-2515135519874677],[@bibr11-2515135519874677]^ Aiming to induce HCV-specific immunity, the authors developed therapeutic vaccines based on recombinant Semliki Forest virus (SFV) replicon particles. The authors demonstrated that SFV-based immunization targeting HCV nonstructural proteins (nsPs), which are highly immunogenic^[@bibr12-2515135519874677]^ and genetically conserved,^[@bibr13-2515135519874677],[@bibr14-2515135519874677]^ results in the induction of polyfunctional effector and memory CD8^+^ T cells and delays tumor growth of HCV nsPs-expressing tumors *in vivo*.^[@bibr15-2515135519874677]^

However, as the outcomes of clinical trials do not always meet the high expectations based on the preclinical studies, the optimization of vaccine strategies is required. A strategy to improve vaccine potency, while not increasing or inducing toxicity, is the conjugation of antigens to nontoxic carrier proteins.^[@bibr16-2515135519874677]^ The mechanism of enhancement depends on the biological function of the carrier protein involved. That occurs mainly through the provision of CD4^+^ T cell help, which is essential for the induction and maintenance of memory CD8^+^ T cell responses^[@bibr17-2515135519874677][@bibr18-2515135519874677]--[@bibr19-2515135519874677]^ and/or by affecting antigen expression and stability,^[@bibr20-2515135519874677]^ therefore, modulating antigen uptake and presentation by the antigen-presenting cells (APCs). Oosterhuis and colleagues previously demonstrated that the expression of a series of pan-helper T (Th) cell epitopes in a DNA-based vaccine against human papillomavirus (HPV) stimulated both Th cells and cytotoxic T lymphocytes (CTLs).^[@bibr21-2515135519874677]^ In addition, inclusion of endoplasmic reticulum (ER) targeting signals within these DNA vaccines increased antigen stability and the combination of both modifications strongly enhanced the immunogenicity of their DNA vaccine.^[@bibr22-2515135519874677]^ The authors previously demonstrated that the inclusion of Th and ER targeting signals (collectively termed sigHELP-KDEL cassette) also significantly enhanced the immunogenicity of an SFV vaccine expressing HPV early proteins, resulting in higher frequencies of functional HPV-specific CD8^+^ T cells and greater antitumor activity at a very low vaccine dosage.^[@bibr23-2515135519874677]^

In the present study, the authors aim to assess the effect of sigHELP-KDEL inclusion in the efficacy of SFV-based HCV vaccines. Therefore, the authors combined this antigen design for two of the candidate SFV-based HCV vaccines, targeting NS3/4A and NS5A/B proteins. The new constructs were characterized *in vitro* and their immune efficacy with respect to HCV-specific immune responses *in vivo* was compared with the parental SFV vaccine expressing the corresponding HCV antigen.

Materials and methods {#section6-2515135519874677}
=====================

Cell lines {#section7-2515135519874677}
----------

Baby hamster kidney cells (BHK-21, ATCC \#CCL-10), were cultured in RPMI1640 medium (Life Technologies) supplemented with 10% fetal bovine serum (FBS) (Lonza, Basel, Switzerland), 100 U/ml penicillin, and 100 µg/ml streptomycin (Life technologies). Hepa1-6^Venus^NS5A/B,^[@bibr15-2515135519874677]^ Hepa1-6^Venus^nsPs,^[@bibr15-2515135519874677]^ EL4^Venus^NS5A/B^[@bibr15-2515135519874677]^, and EL4 cells were cultured in DMEM with GLUTAMAX (Life Techno-logies) supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin. All cell lines were cultured at 37°C with 5%CO~2~.

Construction of SFV replicon vectors {#section8-2515135519874677}
------------------------------------

Construction of pSFV-NS3/4A (12,839 bps) and pSFV-NS5A/B (13,700 bps) has been previously described.^[@bibr15-2515135519874677]^ To generate the pSFV-sHELP-NS3/4A and pSFV-sHELP-NS5A/B constructs, a series of Th epitopes (HELP), ER localization signal (sig), HCV NS3/4A or NS5A/B antigens and ER retention signal (KDEL) were cloned into an SFV vector.^[@bibr15-2515135519874677]^ The BssHII-sigHELP-NotI and the BssHII-sigHELP-XhoI fragments were amplified by PCR using the pVAX1-sigHELP-E7SHKDEL vector^[@bibr22-2515135519874677]^ (kindly provided by K. Oosterhuis, J.B. Haanen and T.N. Schumacher, Netherlands Cancer Institute, Amsterdam, the Netherlands), as a template and ligated into the pSFVe vector,^[@bibr15-2515135519874677]^ to generate pSFV-sHELP. Subsequently, pSFV-sHELP was linearized with NotI or XhoI restriction digestion and ligated to the NotI-NS3/4A-KDEL-NotI or the XhoI-NS5A/B-KDEL-XhoI insert fragments to generate pSFV-sHELP-NS3/4A (13,173 bps) and pSFV-sHELP-NS5A/B (14,217 bps) respectively. The inserts were amplified by PCR from the plasmid DNA containing the full-length cDNA of HCV H77 genotype 1a consensus sequence (H/FL) (kindly provided by Charles M. Rice, *via* Apath, LLC (AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH: p90HCVconsensuslongpU),^[@bibr24-2515135519874677]^ and the four amino acid sequence KDEL was synthesized by PCR. PCR primers were synthesized by Eurogentec (Maastricht, the Netherlands). All restriction enzymes were purchased from Thermo Fisher Scientific (Landsmeer, the Netherlands). Correct DNA sequences were verified by Sanger sequencing analysis.

Production, purification and titer determination of recombinant SFV particles {#section9-2515135519874677}
-----------------------------------------------------------------------------

The production, purification and titer determination of SFV particles were performed as previously described.^[@bibr25-2515135519874677]^BHK-21 were co-electroporated with *in vitro* transcribed RNA encoding for the SFV replicase and the transgene (HCV antigens) simultaneously with a helper RNA encoding for the structural proteins of SFV, at a molar ratio 1:1. Transfected BHK-21 cells were cultured at 30°C, 5% CO~2~ for 48 h to produce SFV particles. The supernatant containing SFV particles was collected and purified on a discontinuous sucrose density gradient. Purified SFV particles were titrated on BHK-21 cells, using a polyclonal rabbit antireplicase (nsP3) antibody (kindly provided by Dr T. Ahola). Before use, the SFV particles were activated with α-chymotrypsin (Sigma, St Louis, USA) to cleave the mutated p62 spike protein. SFV particles were stored at --80°C.

Protein expression and stability by \[^35^S\] - methionine/cysteine pulse labeling {#section10-2515135519874677}
----------------------------------------------------------------------------------

BHK-21 cells (5 × 10^5^ cells per well in 6-well plates) were incubated with 5 × 10^6^ infectious SFV replicon particles (SFV-NS3/4A, SFV-sHELP-NS3/4A, SFV-NS5A/B or SFV-sHELP-NS5A/B) or without virus. After 6 hours incubation, the supernatant was removed and the cells were washed with PBS. The cells were further cultured in L-methionine and L-cysteine-free DMEM for 30 min following the addition of \[^35^S\]-methionine/cysteine labeling mix (0.37 Mbq/well) (PerkinElmer, Groningen, the Netherlands). After 1 h of \[^35^S\]-methionine/cysteine labeling, the cells were washed with PBS and further cultured in a medium supplemented with 5 mM L-methionine and L-cysteine. After 1, 6, 18, or 24 h post \[^35^S\]-methionine/cysteine labeling, the cells were washed with cold PBS and lysed with TENT-SDS lysis buffer (1% SDS, 50 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 0.5% Triton-X, pH 7,5) containing 0.2 mM phenyl-methane-sulphonyl-fluoride. The cell lysates were analyzed by 12% SDS-PAGE and autoradiography. Relative remaining expression of the transgene-encoded proteins was calculated with ImageJ analysis software.

Mice {#section11-2515135519874677}
----

Specific pathogen-free female inbred C57BL/6JOLaHsd mice (H-2b) were obtained from a commercial vendor (Harlan CPB, Zeist, the Netherlands). All mice were 8--10 weeks of age at the onset of the experiments. Housing and animal experiments were approved by the local Animal Experimentation Ethical Committee (the Institutional Animal Care and Use Committee of the University Medical Center Groningen, DEC number: 6405).

Prime-boost SFV immunizations {#section12-2515135519874677}
-----------------------------

Mice were primed and boost immunized intramuscularly (i.m.) at a 2 weeks interval with a dose of 5 × 10^6^ or 1 × 10^5^ infectious SFV particles (SFV-NS3/4A, SFV-sHELP-NS3/4A, SFV-NS5A/B or SFV-sHELP-NS5A/B) in 50 µl (25 µl/thigh muscle) under anesthesia (isoflurane/O~2~). For negative controls, the same volume of PBS was injected.

Detection and phenotypic analysis of HCV NS3-specific CD8^+^ T cells {#section13-2515135519874677}
--------------------------------------------------------------------

After removal of erythrocytes, peripheral blood cells and splenocytes were stained with HCV-NS3~603-611~-PE dextramers (Immudex, Copenhagen, Denmark) for 10 min at room temperature. T cell phenotypes were characterized with the following antibodies: anti-CD8-PE-Cy7 (clone 53--6.7), anti-CD44-PerCp-Cy5.5 (clone IM7), anti-CD62L-APC (clone Mel-14), and anti-CD127-eFluor450 (clone A7R34). All antibodies were obtained from eBioscience (Vienna, Austria). Surface staining was performed at 4°C for 20 min. Propidium Iodide (eBioscience) or DAPI (Thermo Fischer Scientific) were used as live/dead cell exclusion. Cells were washed twice in FACS buffer (PBS containing 0.5% bovine serum albumin) and samples were analyzed using an LSR-II cytometer (BD Biosciences). Data were analyzed using FlowJo analysis software (Tree Star).

Detection of IFN-γ and degranulation of HCV-specific CD8^+^ T cells {#section14-2515135519874677}
-------------------------------------------------------------------

Splenocytes isolated from immunized mice were stimulated with 10 µg/ml of NS5A synthetic peptide (ILDSFDPL, H-2D^b^) in the presence of 1 µg/ml anti-CD28 (clone: PV-1, Bioceros, Utrecht, the Netherlands), anti-CD107a-efluor660 (clone: eBio1D4B), and anti-CD107b-efluor660 (clone: eBioABL-93) in round-bottom tubes cultured at an angle at 37°C with 5% CO~2~. Brefeldin A (1 mg/ml) was added to the cultures after 1 h and the cells were further incubated for 4 h. Next, the cells were harvested, washed and stained with LIVE/DEAD fixable violet dead cell stain kit (Life Technologies), followed by surface staining with antiCD8a- PE- Cy7 (clone: 53--6.7), at 4°C for 20 min. Cells were then fixed in 4% paraformaldehyde, permeabilized with Perm/Wash buffer (BD Biosciences) and stained intracellularly with anti-IFN-γ- PerCP- Cy5.5 (clone: XMG 1.2) at 4°C for 30 min. All antibodies were purchased from eBiosciences. FACs analysis was performed using an LSR-II flow cytometer (BD Biosciences). Data were analyzed with FlowJo software (Tree Star).

^51^Cr release assay (BULK CTL assay) {#section15-2515135519874677}
-------------------------------------

Hepa1-6^Venus^NS5A/B and Hepa1-6^Venus^nsPs (stimulator cells) were cultured in the presence of 50 U/ml recombinant IFN-γ (Peprotech, London, UK) for 48 h. The stimulator cells were then irradiated (100 Gy) and co-cultured with effector cells (splenocytes isolated from naïve immunized mice) at a ratio of 1:25 in a T25 flask at 37°C with 5% CO~2~. 4 U/ml of recombinant human IL-2 (Peprotech, London, UK) was added on day 3 and 5 of the stimulator-effector cell co-cultures. After 7 days of culture, the effector cells (splenocytes) were harvested and co-cultured with ^51^Chromium (^51^Cr)-labeled target cells (EL4-pulsed with GAVQNEVTL or ILDSFDPL, or EL4^Venus^NS5A/B). Target cells were cultured in the presence of 50 U/ml recombinant murine IFN-γ 48 h prior to co-culture with the effector cells. Target cells were labeled with ^51^Cr (100 µCi/2 × 10^6^ cells) (PerkinElmer, Groningen, the Netherlands) in the presence or absence of synthetic peptides (10 µg/ml) for 1 h at 37°C. Co-culture of effector and target cells was performed in 96 well plates at four different E:T ratios in triplicates at 37°C with 5%CO~2~ for 4 h. Subsequently, supernatants were harvested and ^51^Cr release from the cells was analyzed with a RiaStar manual gamma counter (Packard, Meriden, CT). The percentage of cytotoxicity was calculated according to the formula: % specific release = \[(experimental release -- spontaneous release)/(maximum release -- spontaneous release)\] count per minute (c.p.m).

Proliferation assay carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling {#section16-2515135519874677}
-----------------------------------------------------------------------------------

Splenocytes isolated from immunized mice were labeled with 5 µM CFSE ( Life Technologies) in PBS at 37°C for 10 min in the dark. Labeled cells were washed twice with PBS and cultured in medium only or with irradiated (100 Gy) Hepa1-6^Venus^nsPs cells at a ratio of 25:1 for 4 days at 37°C, 5% CO~2~. After 4 days of incubation, the cells were harvested and stained with anti-CD8-PE-Cy7 (clone 53--6.7, e Biosciences) at 4°C for 20 min. Cells were then washed twice in FACS buffer (PBS containing 0.5% bovine serum albumin) and analyzed with LSR-II flow cytometer (BD Biosciences). Data were analyzed using FlowJo analysis software (Tree Star).

Statistical analysis {#section17-2515135519874677}
--------------------

Data were analyzed with GraphPad Prism 6.0 software. Differences between two groups were determined with the Mann--Whitney *U* test. *p* values of \<0.05 were considered as statistically significant.

Results {#section18-2515135519874677}
=======

Construction and characterization of SFV vectors encoding for HCV antigens and universal T helper epitopes {#section19-2515135519874677}
----------------------------------------------------------------------------------------------------------

The authors previously reported that the inclusion of external CD4 Th epitopes and ER localization/retention signals in SFV replicon vectors targeting HPV could further enhance vaccine immunogenicity.^[@bibr23-2515135519874677]^ Aiming to assess whether that modification may further augment the immunogenicity of SFV-based vaccines, the authors modified two of the previously developed SFV replicon-based HCV vaccines. The original vaccines express the nonstructural proteins NS3/4A or NS5A/B and induce potent T cell responses *in vivo*.^[@bibr15-2515135519874677]^ A series of external Th epitopes that promiscuously bind to multiple MHC class II alleles were inserted, that is, the TTFC P30 pan DP epitope, the PADRE pan DR epitope and an HIV NEF pan DQ epitope, collectively termed HELP.^[@bibr22-2515135519874677]^ In addition, a human growth hormone signaling peptide (sig)^[@bibr26-2515135519874677]^ and a KDEL sequence^[@bibr27-2515135519874677],[@bibr28-2515135519874677]^ were inserted to enable localization and retention of the antigen within the ER. Thus, the plasmid SFV DNA vectors pSFV-sHELP-NS3/4A (13,173 bp) and pSFV-sHELP-NS5A/B (14,217 bp) were constructed ([Figure 1a](#fig1-2515135519874677){ref-type="fig"}) and the corresponding SFV replicon particles (SFV-sHELP-NS3/4A and SFV-sHELP-NS5A/B) were produced. Before testing the efficacy of these SFV replicon vectors *in vivo*, the expression and stability of the transgene-encoded proteins were characterized *in vitro* ([Figure 1b](#fig1-2515135519874677){ref-type="fig"}). Infection of BHK-21 cells with SFV vectors encoding for sHELP-NS3/4A or NS3/4A resulted in expression of the sHELP-NS3/4A fusion protein (95 kDa) and NS3/4A protein (75.9 kDa) respectively, while two proteins of a smaller size, sHELP-NS3 (86 kDa) and NS3 (70 kDa) are generated upon cleavage of NS3 and NS4A by the HCV NS3 protease. In addition, BHK-21 cells infected with SFV vectors encoding for sHELP-NS5A/B or NS5A/B produced sHELP-NS5A/B (128 kDa) and NS5A/B (109.8 kDa) fusion proteins. Transgene-encoded HCV proteins were detectable already at 8 h post-SFV infection and up to 24 h, as indicated by \[^35^S\]-methionine/cysteine labeling ([Figure 1b](#fig1-2515135519874677){ref-type="fig"}). Protein expression was also determined by western blotting stained with anti-NS3 and anti-NS5A antibodies (data not shown). Insertion of sigHELP-KDEL resulted in marginally enhanced stability of the HCV proteins. Of note, all the transgene-encoded HCV proteins are relatively stable up to 24 h, thus the sigHELP-KDEL modification did not have a pronounced effect in increasing the stability of these proteins, but it rather hindered the cleavage of the NS3/4A fusion protein by the virus protease, as shown by the total remaining transgene-encoded protein expression compared to time point 1 h post labeling ([Figure 1b](#fig1-2515135519874677){ref-type="fig"}). The sigHELP-KDEL cassette also did not increase the amount of the transgene-encoded proteins and it resulted in similar expression levels of proteins when compared with cells infected with the parental SFV-based HCV replicons ([Figure 1b](#fig1-2515135519874677){ref-type="fig"}).

![Expression and stability of HCV NS3/4A and NS5A/B proteins *in vitro*. (a) Schematic representation of the plasmid SFV DNA vectors and the corresponding antigens (NS3/4A or NS5A/B). The numbers indicate the nucleotide position in the plasmid DNA containing the full genome of HCV 1a (H/FL). SP6 promoter; 26S, subgenomic 26S promoter. (b) BHK-21 cells were incubated with SFV replicon particles encoding for NS3/4A, sHELP-NS3/4A, NS5A/B, sHELP-NS5A/B or without SFV at an MOI of 10. Cells were pulsed with \[^35^S\]-methionine/cysteine for 1 h after incubation with the SFV particles for 6 h. Cell lysates were collected at 1, 6, 18, and 24 h post \[^35^S\]-methionine/cysteine pulse-chase labeling. Radioactively labeled proteins were revealed by autoradiography after 12% SDS-PAGE. Vertical dotted lines separate different gels that run at the same time. Arrows indicate the expression of the corresponding transgene-encoded proteins. Numbers at the bottom of the gels show remaining expression of the total transgene-encoded proteins when compared with their expression at time point 1 h after labeling. Data represent results from two independent experiments.](10.1177_2515135519874677-fig1){#fig1-2515135519874677}

Frequencies and phenotypes of HCV-specific CD8^+^ T cells induced by SFV immunizations {#section20-2515135519874677}
--------------------------------------------------------------------------------------

The authors then determined the immunogenicity of the SFV-based HCV vaccines with or without the sigHELP-KDEL modification *in vivo*. Naïve mice were primed and boosted intramuscularly at a 2 week interval with an optimal dose of 5 × 10^6^ infectious SFV particles encoding for HCV antigens and sigHELP-KDEL fusion protein. The immune efficacy of the modified vaccines was compared to the parental SFV-based vaccines without the insertion of the Th epitopes series. The authors focused the initial analysis on T cell responses against an immunodominant epitope within the NS3 protein (NS3~603-611~), which is known as a strong binder for MHC class I, H-2Db molecule, and is detectable using different immunization approaches.^[@bibr15-2515135519874677],[@bibr29-2515135519874677]^ Thus, the authors evaluated the frequencies, the kinetics, and the phenotype of NS3-specific CD8^+^ T cells upon immunization with SFV-NS3/4A or SFV-sHELP-NS3/4A replicon particles ([Figure 2](#fig2-2515135519874677){ref-type="fig"}). The frequency of NS3-specific CD8^+^ T cells in peripheral blood of immunized mice on days 7, 11, 18, 21, and 24 after SFV immunizations were measured ([Figure 2a](#fig2-2515135519874677){ref-type="fig"}). Surprisingly, the percentage of NS3-specific cells in the total CD8^+^ blood cells of mice immunized with SFV-sHELP-NS3/4A at all time points assessed was similar to the frequency observed after immunization with SFV-NS3/4A. All mice were sacrificed 10 days after the last immunization (day 24), and the frequency of NS3-specific CD8^+^ splenocytes was determined ([Figure 2b](#fig2-2515135519874677){ref-type="fig"}). Consistent with the findings in blood, both vaccines induced equal numbers of NS3-specific CD8^+^ T cells. Aiming to further investigate whether the sigHELP-KDEL cassette may have altered the frequencies of the different CD8^+^ subsets, the authors further characterized the phenotypes of the vaccination-induced NS3-specific CD8^+^ T cells in the spleen. Notably, equal frequencies of effector (TEFF), effector memory (TEM) and central memory (TCM) NS3-specific CD8^+^ T cells were induced ([Figure 2c](#fig2-2515135519874677){ref-type="fig"}).

![Frequencies and phenotypes of NS3-specific CD8^+^ T cells induced by SFV immunizations. Naïve mice were primed and boosted immunized intramuscularly at a 2 week intervals with 5 × 10^6^ infectious particles of SFV-NS3/4A or SFV-sHELP-NS3/4A. (a) Kinetics of the percentage of NS3-specific cells in the total CD8^+^ blood cells. (b) Mice were sacrificed on day 24 after SFV immunizations and the percentage of NS3-specific cells in the total CD8^+^ splenocytes was determined. (c) NS3-specific CD8^+^ T cell subsets induced upon SFV immunization. Surface markers for the different subsets: effector T cells (TEFF) CD44^+^CD62L^--^CD127^--^, effector memory T cells (TEM) CD44^+^CD62L^--^CD127^+^, central memory T cells (TCM) CD44^+^CD62L^+^CD127^+^. The percentages of each T cell subset in the total NS3-specific CD44^+^CD8^+^ splenocytes are shown. Data represent mean + or ± SEM (*n* = 3--4).](10.1177_2515135519874677-fig2){#fig2-2515135519874677}

In addition, the proliferative capacity of the HCV-specific T cells upon antigen restimulation was assessed by a CFSE dilution assay. Splenocytes isolated from control mice or mice immunized twice with SFV-NS3/4A or SFV-sHELP-NS3/4A replicon particles were labeled with CFSE and cultured in the presence or absence of Hepa1-6^Venus^nsPs,^[@bibr15-2515135519874677]^ a murine hepatoma cell line expressing all nonstructural proteins of HCV, for 4 days at a 25:1 ratio. Antigenic restimulation promoted the proliferation of CD8^+^ T cells from SFV immunized mice ([Figure 3](#fig3-2515135519874677){ref-type="fig"}), but not CD4^+^ T cells (data not shown), when compared with control PBS injected mice. The effect was irrespective of the addition of the sigHELP-KDEL cassette in the SFV vaccines.

![The proliferation of HCV-specific T cells upon *in vitro* restimulation. Splenocytes isolated from SFV immunized mice were labeled with CFSE and cultured in the presence (+) or absence (--) of irradiated Hepa1-6^Venus^nsPs cells at a 25:1 ratio for 4 days. Subsequently, the percentage of proliferating cells was analyzed by flow cytometry after staining with anti-CD8a. The bars represent the percentage of proliferating daughter CFSE^+^CD8^+^ cells (sum of generation 1--7) within the total CFSE^+^CD8^+^ cells (sum of generations 0--7). Data represent mean ± SEM (*n* = 3--4).](10.1177_2515135519874677-fig3){#fig3-2515135519874677}

The effect of the sigHELP-KDEL cassette on low dosage SFV immunization and responses to less immunodominant HCV antigens {#section21-2515135519874677}
------------------------------------------------------------------------------------------------------------------------

Immunization with an optimal dose of 5 × 10^6^ particles of SFV-NS3/4A induces a very potent T cell response, as demonstrated by the high frequency of 13% NS3-specific CD8^+^ T cells in the spleen (at day 7 post-immunization ([Figure 2a](#fig2-2515135519874677){ref-type="fig"}). Therefore, the effect of sigHELP-KDEL cassette inclusion might not be detectable, since the NS3-specific T cell responses may have already reached an optimal level that cannot be further upregulated. To further assess the contribution of sigHELP-KDEL in HCV vaccines, the authors studied its effect, using a suboptimal immunization dose, that is, 10^5^ infectious particles ([Figure 4a](#fig4-2515135519874677){ref-type="fig"}). HCV-specific CTL activity was measured based on the cytotoxic activity of restimulated NS3-specific CTLs in a ^51^Cr-release CTL assay. As expected, the optimal dose of SFV immunizations with 5 × 10^6^ infectious particles induced higher HCV-specific cytotoxicity as compared to suboptimal SFV immunization. At the low, suboptimal dose, inclusion of sigHELP-KDEL cassette induced a slight, but significantly higher cytotoxic activity against GAVQNETL-pulsed EL4 cells, when compared with the parental vaccine ([Figure 4a](#fig4-2515135519874677){ref-type="fig"}), while no effect of the sigHELP-KDEL inclusion was observed upon optimal dose immunization.

![Induction of HCV-specific CTLs upon SFV immunizations. Mice were primed and boosted intramuscularly with (a) 5 × 10^6^ or 10^5^ SFV-NS3/4A or SFV-sHELP-NS3/4A infectious particles, (b) to (d) 5 × 10^6^ SFV-NS5A/B or SFV-sHELP-NS5A/B infectious particles, or PBS at a 2 week interval. Mice were sacrificed 10 days after the last immunization, and splenocytes were isolated for an *in vitro* cytotoxicity assay (a) to (c) and intracellular cytokine staining using flow cytometry (d). (a) Isolated splenocytes were cultured with Hepa1-6^Venus^nsPs cells at a ratio of 25:1. After a 7 day culture, splenocytes were co-cultured for 4 h with ^51^Cr labeled target EL4 cells pulsed with GAVQNEVTL peptide at 25:1 ratio. (b) and (c) Isolated splenocytes were cultured with Hepa1-6^Venus^NS5A/B cells at a ratio of 25:1. After a 7 day culture, splenocytes were co-cultured for 4 h with ^51^Cr labeled target EL4 cells pulsed with ILDSFDPL peptide or EL4-^VENUS^-NS5A/B at the indicated E:T ratios. (d) Splenocytes were stimulated with ILDSFDPL for 4 h and subjected to surface and intracellular cytokine staining. The frequencies of IFN--γ^+^CD107a/b^+^ within the CD8^+^ T cells are shown. Data represent mean ± SEM (*n* = 3--5). ^\*^*p* \< 0.05.](10.1177_2515135519874677-fig4){#fig4-2515135519874677}

Further, the authors aimed to assess whether the inclusion of sigHELP-KDEL enhances immune responses against other HCV antigens, including NS5A/B proteins that are generally known to contain less immunodominant epitopes, unlike the HCV NS3 protein. Mice were prime boosted with 5 × 10^6^ infectious particles of SFV-NS5A/B or SFV-sHELP-NS5A/B. The cytotoxic activity of effector T cells, induced upon immunization, was measured after restimulation with Hepa1-6^Venus^NS5A/B cells, a murine hepatoma cell line that expresses the whole NS5A/B fusion protein of HCV.^[@bibr15-2515135519874677]^ Both SFV vaccines induced HCV-specific CTLs that killed target cells expressing either the ILDSFDPL epitope of NS5A^[@bibr15-2515135519874677]^ ([Figure 4b](#fig4-2515135519874677){ref-type="fig"}) or the whole NS5A/B fusion protein ([Figure 4c](#fig4-2515135519874677){ref-type="fig"}). The cytotoxic potential after immunization with SFV-sHELPNS5A/B was slightly higher, yet not significantly different. HCV-specific CTLs induced against the NS5A/B protein of HCV, most likely target the ILDSFDPL epitope^[@bibr30-2515135519874677]^ as indicated by the equal level of cytotoxicity induced against the two different target cell lines ([Figure 4b and c](#fig4-2515135519874677){ref-type="fig"}). Of note, immunization with SFV-sHELPNS5A/B increased significantly the frequencies of polyfunctional CD8^+^ T cell subsets that produce IFN-γ and CD107a/b upon HCV-specific stimulation with ILDSFDPL peptide, when compared with the parental vaccine ([Figure 4d](#fig4-2515135519874677){ref-type="fig"}).

Discussion {#section22-2515135519874677}
==========

Preclinical studies suggest that CD8^+^ CTLs are the key effector cells required for HCV clearance.^[@bibr31-2515135519874677],[@bibr32-2515135519874677]^ Taking into account the importance of CD4^+^ T cell help with respect to CTL differentiation, in this study, the authors aimed to apply the sigHELP-KDEL^[@bibr22-2515135519874677],[@bibr23-2515135519874677],[@bibr33-2515135519874677]^ modification to two of the HCV candidate vaccines and assess whether inclusion of sigHELP-KDEL cassette can enhance the HCV-specific T cell responses.

The authors generated SFV-based vaccines encoding for NS3/4A and NS5A/B antigens of HCV with or without the addition of the fusion protein, sigHELP-KDEL and compared the immune efficacy of these different SFV-based vaccines *in vivo*. Inclusion of universal helper T cell epitopes and the re-localization of antigens did not increase the frequencies of HCV-specific CD8^+^ T cells when compared with the parental vaccines, while the frequencies of effector and memory populations were equal upon immunization at the optimal dose (5 × 10^6^ infectious particles) for both HCV antigens. However, upon lower dosage immunization (10^5^ infectious particles) the authors observed a minor yet significant increase in the cytotoxic activity of the NS3-specific CD8^+^ T cells induced upon immunization with the SFV vaccine encoding for sHELP-NS3/4A ([Figure 4a](#fig4-2515135519874677){ref-type="fig"}). This finding, in combination with the high frequency of NS3-specific CD8^+^ T cells (13% on day 7, [Figure 2a](#fig2-2515135519874677){ref-type="fig"}) upon optimal dose SFV immunization, confirms that the NS3-specific T cell proliferative response may have reached such a high level that insertion of the sigHELP-KDEL cassette cannot further augment the antigen-specific responses. It is probable that in mouse models the contribution of sigHELP-KDEL in potent cancer vaccines, such as SFV, encoding immunodominant epitopes, can only be demonstrated in low suboptimal dose immunizations regimes.

One of the main factors for the chronification of the HCV infection is the loss of antiviral effector functions of virus-specific CD8^+^ T cells, known as T cell exhaustion. A number of studies assessed the role of extrinsic factors, including the reduced CD4^+^ T cell help in virus-specific CD8^+^ T cell exhaustion.^[@bibr34-2515135519874677][@bibr35-2515135519874677]--[@bibr36-2515135519874677]^ Thus, for rational design of HCV immunotherapies, sufficient CD4^+^ T cell help is crucial and antigen modifications such as the sigHELP-KDEL cassette that provides external CD4^+^ T cell help^[@bibr22-2515135519874677]^ might have a beneficial effect for clinical translation. This pan-HELP cassette contains three 'universal' CD4^+^ T cell helper peptides that are known to promiscuously bind multiple MHC class II alleles across the population, thus in the clinical setting these peptides are likely to be beneficial mainly through the use of pre-existing immunity.^[@bibr37-2515135519874677][@bibr38-2515135519874677]--[@bibr39-2515135519874677]^ All, or part, of these epitopes have been used in preclinical studies as a strategy to enhance vaccine immune responses mainly as assessed by humoral immunity augmentation^[@bibr40-2515135519874677]^ but a limited number of studies have shown the potential of the strategy to enhance CTL responses.^[@bibr21-2515135519874677][@bibr22-2515135519874677]--[@bibr23-2515135519874677]^

The authors previously demonstrated that the efficacy of SFV-based HPV vaccines is influenced by the stability of the transgene expressed^[@bibr23-2515135519874677]^ and that inclusion of sigHELP-KDEL further stabilized these HPV proteins. The authors observed that insertion of sigHELP-KDEL into the HCV vaccines resulted in minor enhanced stability of the NS3/4A or NS5A/B proteins. However, as these proteins are by nature already rather stable antigens anchored to ER membranes,^[@bibr41-2515135519874677]^ this small effect on stability could be another or an additional, explanation on why immunization with sigHELP-KDEL targeting HCV nsPs is as efficacious as SFV immunization without sigHELP-KDEL.

The role of CD4^+^ T cell help with respect to memory CTL differentiation is crucial. However, in several infection models, the primary CTL response appears to be CD4^+^ T helper cell-independent, since it is generally considered that CD4^+^ T cell help is only required when pattern recognition receptors or other inflammatory signals are lacking.^[@bibr42-2515135519874677],[@bibr43-2515135519874677]^ Consistent with this, in weakly adjuvanted vaccination strategies, such as DNA vaccination, the external CD4^+^ T cell help is required to qualitatively improve the CTL responses.^[@bibr21-2515135519874677],[@bibr22-2515135519874677],[@bibr33-2515135519874677]^ In cancer setting CTLs primed with adequate CD4^+^ T cells help acquire intrinsic properties for overcoming potential resistance hurdles.^[@bibr44-2515135519874677],[@bibr45-2515135519874677]^ SFV-based vaccines represent a rather self-adjuvanted vaccination strategy, where external CD4^+^ T cell help might not be as necessary. In addition, clinical studies suggest that the universality of helper epitopes such as PADRE are highly dependent on the dose, regimen, route of immunization, as well as the nature of the targeted antigen.^[@bibr46-2515135519874677],[@bibr47-2515135519874677]^ Nevertheless, further analysis of the activation of CD4^+^ T cells is required to demonstrate if immunization with SFV vaccines including the sigHELP-KDEL cassette actually results in a stronger CD4^+^ T cell response as a consequence of the inclusion of external Th epitopes.

The minimal enhancing effect of sigHELP-DEL in the SFV-NS3/4A vaccine is probably due to the presence of the immunodominant NS3 epitope (NS3~603-611~), which is a strong binder for MHC class I H-2Db molecule. This epitope was detected not only in these studies^[@bibr15-2515135519874677]^ but also in other immunization approaches.^[@bibr29-2515135519874677]^ The strong T cell response against this epitope could be partially explained due to the presence of Th epitopes located at the 5′ end of the CTL epitope, as predicted in the Immune Epitope Database and analysis resource (IEDB) ([Supplementary Table 1](https://journals.sagepub.com/doi/suppl/10.1177/2515135519874677)). Several immunodominant tumor and viral antigens contain Th and CTL epitopes in close proximity. This colocalization of Th and CTL epitopes appears to be positively correlated to the dominancy of the specific CTL epitope.^[@bibr48-2515135519874677],[@bibr49-2515135519874677]^ Potentially, such strong responses cannot be further enhanced. This is also different in the HPV vaccine. In this case, T cell responses against the E7 protein are mainly against the E7~49-57~ CTL epitope, which according to prediction algorithms is not in close proximity to Th epitopes and also has a much lower binding affinity to MHC class I molecules when compared with NS3~603-611~.

In summary, in this preclinical study, optimal dose SFV immunization targeting HCV antigens NS3/4A or NS5A/B with or without sigHELP-KDEL induced equal levels of HCV-specific CD8^+^ T cells with functional effector and memory phenotypes, suggesting that the inclusion of sigHELP-KDEL in the candidate HCV vaccines does not further augment HCV-specific T cell responses in this MHC setting. This result contrasts with the authors previous finding showing that the insertion of sigHELP-KDEL in SFV vaccines targeting HPV can enhance CTL responses.^[@bibr23-2515135519874677]^ The difference may be attributed to the differences in antigenic nature of the antigens expressed, influencing epitope binding affinity and immunodominance, and possibly the presence of internal Th epitopes as well as the stability of the protein. Understanding the mechanism(s) responsible for the enhancing effect of sigHELP-KDEL will be useful for future development of therapeutic vaccines. Clinically, it is to be expected that the HLA phenotype of the patient will probably dictate if sigHELP-KDEL modifications of SFV vaccines will further augment vaccine efficacy.
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